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Internalization is a general feature of plasma membrane recep-
tors, including those for nutrients (such as LDL, transferrin),
growth factors (insulin, EGF, FGF, etc.), and agonists that
activate U protein-coupled responses (-adrenergic and musca-
rinic ligands, peptide hormones, etc.). The function of this process
in delivering nutrients to the cells is well established, for example,
via the LDL and the transferrin receptors. The internalization
process also plays a key role in regulating the number of cell-
surface receptors for hormones and growth factors, and has been
proposed to be important for resensitization of /3-adrenergic and
possibly other receptors [11. In addition, recent data indicate that
the receptor internalization process might have a function in the
signal generation process of growth factor and Ca2 mobilizing
receptors [2—4].
Internalization of plasma-membrane receptors is preceded by
accumulation of the receptors in specialized coated pit regions of
the cell surface. Coated pits invaginate and pinch off to form
coated vesicles that carry the receptor into the cell. The contents
of the endocytic vesicles accumulate in endosomes, and the
internalized receptors and their ligands either recycle to the cell
surface or are targeted for lysosomal degradation. The processes
responsible for internalization of cell-surface receptors can be
divided into two major groups. Most nutrient receptors undergo
constitutive internalization, whereas hormone and growth factor
receptors that generate intracellular signals, undergo endocytosis
that is activated by their specific ligands [1, 2, 5, 6].
The assembly unit of the polygonal lattice on the surface of
coated pits and vesicles is the clathrin triskeleton. Clathrin tn-
skeletons are three-legged structures consisting of three heavy
chains and three tightly associated light chains [7]. Most available
data indicate that the clathnin structure binds to the membrane via
one of the major classes of coat proteins recently named adaptor
proteins (APs) [7]. Two structurally related classes of APs are
present in most cell types. Immunofluorescence studies revealed
that the APi complex colocalizes with the Golgi-associated coated
pits, while the AP2 is found in plasma membrane-associated
coated pits [71.
Adaptors coassemble with purified clathrin in vitro and have
been shown to interact with the cytoplasmic domains of receptors.
It was proposed that AP2 complexes are responsible for seques-
tration of plasma membrane receptors and initiation of clathrin
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assembly during receptor internalization [7]. Initial studies aimed
to define the molecular basis of the receptor/AP2 interaction
focused on the interaction of constitutively internalizing nutrient
receptors (such as LDL and transferrin receptors). Recent studies
revealed that the cytoplasmic portion of these receptors contain
structural motifs that enable the receptor to interact with the AP2
complex. The first such motifs were the NPXY sequence found in
the LDL receptor [8] and the YTRF sequence of the transferrin
receptor [9]. It is interesting that all identified internalization
signals contain a conserved tyrosine residue, but tyrosine phos-
phorylation of this residue is unlikely to regulate the process since
its replacement with phenylalanine yields a functionally fully
active sequence [6]. There is increasing amount of evidence that
internalization signals share a common conformation in which the
tyrosine molecule is present in a tight turn structure of the
receptor tail [6, 9]. Recent studies suggested that the NPXY
sequence present in the cytoplasmic tail of insulin, EGF, and
other growth factor receptors also functions as internalization
signal [6]. However, it is still unknown how ligand binding to the
receptor regulates the coupling of these internalization signals to
the AP2 complex and the internalization machinery.
There is growing evidence that multiple classes of GTP-binding
proteins participate in membrane transport events. Several mem-
bers of the Sec4IYptl/rab family of ras-related small GTP-binding
proteins are now recognized to play a central role in the regula-
tion of vesicular trafficking in eukaryotic cells [10]. Recent data
suggested that rab5, a small GTPase associated with the plasma
membrane and the early endosomes, regulates the kinetics of
early endocytic vesicle trafficking [11]. It has also been suggested
that heterotrimeric U proteins are involved in the clathrin-coated
vesicle mediated endocytic process [12]. Another GTP-binding
protein that has been implicated in endocytosis is dynamin, which
is the mammalian homologue of the protein responsible for the
shibire mutation in Drosophila. The shibire mutation causes a
temperature-sensitive defect in endocytosis that results in accu-
mulation of coated pits at the cell surface [13]. Very recent studies
using mutant dynamin showed that the UTPase activity of dy-
namin is required for receptor-mediated endocytosis via clathnin-
coated pits [14, 15].
Very few data are available about the structural requirements
of the endocytosis of the heptahelical, G protein-coupled recep-
tors, which also undergo ligand-induced internalization via clath-
rin-coated vesicles. As shown in Figure 1, the kinetics of this
internalization process are very rapid. Thus, in the case of the rat
1496
ci)N
ci)
ci)N
ci)
C
smooth muscle ATia angiotensin II (Ang II) receptor stably
expressed in Y-1 adrenocortical tumor cells and prelabeled with
'251-Ang II on ice, more than 50% of the previously bound
1251-Ang II appears in an acid-resistant intracellular compartment
in five minutes (Fig. 1. upper panel). The kinetics of the rat AT1b
receptor internalization under the same conditions are somewhat
slower, but in the continuous presence of radioligand the radio-
activity accumulates to a similarly high extent in the cells as in
ATia receptor transfected cells (Fig. 1. lower panel). A motif that
has been recently suggested to regulate endocytosis of the n-ad-
renergic receptor is the highly conserved NPXXY sequence
located at the membrane boundary of the cytoplasmic tail of most
AT1 receptors transiently expressed in COS-7 cells or perma-
nently expressed in Y-1 cells show rapid internalization upon
agonist binding similar to the endogenous Ang II receptor.
Replacement of the conserved Asp74 residue with Asn in the
second transmembrane helix of the ATia receptor yields a recep-
tor deficient in G protein coupling as it was reported earlier.
Despite the impaired signaling of this Asn74 mutant receptor, it is
able to undergo rapid internalization at a rate comparable to that
of the wild type receptor. The dissociation between the signaling
and internalization of the mutant receptor suggest that internal-
ization and second messenger generation of the Ang II receptor
molecule has different structural requirements.
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Fig. 1. Internalization of rat smooth muscle AT1 (filled symbols) and rat
adrenocorticalATlb receptors (open symbols) stably expressed in Vi adreno-
cortical tumor cells. Yl cells were permanently transfected with ATia or
AT1b receptors using the expression vector pZIP as it was described earlier
[23]. Cells were prelabeled on ice with 1I-Ang II (upper panel), and after
washing the unbound ligand, the internalization of the prelabeled recep-
tors at 37°C is shown as percent of the initial binding as described earlier
[41. In another set of experiments (lower panel), 'I-Ang II was added at
0 mm at 37°C, and internalized (acid resistant) binding was expressed as
percent of total (acid resistant + acid removable) binding. Data are shown
for two cell lines for each receptor (AT1, • and U; AT1b, 0 and E) and
are representative of 3 independent experiments. Means range of
duplicates (upper panel) or means SEM of triplicates (lower panel) are
shown.
A G protein-coupled receptors [16], but the general importance of
this sequence has not yet been established. Non-conserved, mostly
serine-threonine rich, regions in the cytoplasmic tail or the third
intracellular ioop of the /3-adrenergic [17], muscarinic [18], gas-
trin-releasing peptide [19] and TRH [20] receptors have also been
proposed to be important for receptor internalization. Since
agonist binding to these receptors induces intracellular signal
generation via heterotrimeric G proteins, and receptor endocyto-
sis is regulated by small GTP-binding proteins and possibly
heterotrimeric G proteins (as discussed above), it is important to
determine whether the same or different domains of the receptor
mediate internalization and G protein-coupling. Site-directed
mutagenesis studies have demonstrated that there are common
regions in the intracellular domains of these receptors that are
important for both internalization and signaling [21]. However, it
is possible to create mutants that are selectively deficient in one
but not the other activity [1, 21]. Internalization-deficient /3-ad-
renergic [17], muscarinic [181, gastrin-releasing peptide [19] and
TRH [20] receptors were able to activate G proteins and evoke
signal transduction, indicating that alterations in the receptor
sequence that prevent receptor internalization do not necessarily
interfere with the signaling function of these receptors.
Less data are available about the structural requirements of
Ang II receptor internalization and signaling. It has been reported
earlier that replacement of the conserved Asp74 residue with Asn
in the AT1a receptor results in a mutant receptor that shows
severely impaired G protein coupling and inositol phosphate
signaling, but the internalization kinetics of this mutant were not
studied [22]. When expressed in COS-7 cells, an SV-40 trans-
formed monkey kidney cell line, this mutant receptor had im-
paired inositol trisphosphate signal generation as compared to the
wild type receptor (Fig. 2, inset), consistent with the inability of
the mutant receptor to achieve the active conformation necessary
for G protein-coupling. On the other hand, the Asn74 mutant
showed normal ligand binding and internalization kinetics that
were almost identical to those of the wild type receptor (Fig. 2),
indicating that the receptor was able to interact with the AP2
complex and the internalization machinery of the cell. These data
suggest that although the active conformation of the Ang II
receptor is required for both receptor internalization and signal-
ing [4], the conformational requirements of these processes are
different. It is likely that G protein-coupled receptors also contain
specific internalization signals that couple the receptor to the
adaptor proteins and the internalization machinery. The con-
served NPXXY recently reported to be important for /3-adrener-
gic receptor endocytosis is a strong candidate for this function.
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Fig. 2. Internalization of the rat smooth musc!e A Tia receptor (•, ATia) and
the Asn74 mutant receptor (C, Asn74) transiently expressed in monkey kidney
COS-7 cel!s using the mammalian expression vector pcDNAI/Amp (Invitro-
gen, San Diego, Ca!ifomia, USA). '251-Ang II was added at 0 mm and
internalization at 37°C was measured as described in the legend to Fig. 1.
Data are expressed as means SEM for 4 independent experiments, each
carried out in duplicate. Inset: Combined inositol bisphosphate (InsP2)
plus inositol trisphosphate (InsP3) response of wild type (AT8) or mutant(Asn74) Ang II reeeptor-transfected COS-7 cells. Cells were prelabeled
with 5H-inositol for 24 hours, and incubated in the presence of 10 mrv LiCI
with (Ang II) or without (C) 30 na Ang II for 20 mi Inositol phosphates
were measured following h.p.l.e. separation as described earlier [24]. Data
are shown as means SEM from 4 independent experiments, each carried
out in duplicate.
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